Behavioral and computational studies predict that synaptic plasticity of excitatory mossy fiber inputs to cerebellar nuclear neurons is required for associative learning, but standard tetanization protocols fail to potentiate nuclear cell EPSCs in mouse cerebellar slices. Nuclear neurons fire action potentials spontaneously unless strongly inhibited by Purkinje neurons, raising the possibility that plasticity-triggering signals in these cells differ from those at classical Hebbian synapses. Based on predictions of neuronal activity during delay eyelid conditioning, we developed quasi-physiological induction protocols consisting of high-frequency mossy fiber stimulation and postsynaptic hyperpolarization. Robust, NMDA receptor-dependent potentiation of nuclear cell EPSCs occurred with protocols including a 150-250 ms hyperpolarization in which mossy fiber stimulation preceded a postinhibitory rebound depolarization. Mossy fiber stimulation potentiated EPSCs even when postsynaptic spiking was prevented by voltage-clamp, as long as rebound current was evoked. These data suggest that Purkinje cell inhibition guides the strengthening of excitatory synapses in the cerebellar nuclei.
Introduction
The cerebellum is required for delay eyelid conditioning, a form of associative motor learning (McCormick and Thompson, 1984) . In this task, animals learn to associate a neutral ''conditioned'' stimulus, such as a tone, with a reflex-evoking ''unconditioned'' stimulus, often a puff of air to the eye, which evokes closure of the eyelid. Delay eyelid conditioning is among the few forms of learning for which it is becoming possible to relate the acquisition, retention, and extinction of memories to the activity in particular neuronal pathways (Medina et al., 2000) . Specifically, signals produced by the conditioned and unconditioned stimuli are known to be carried to the cerebellum via mossy fibers (MFs) and inferior olivary fibers, respectively, where they ultimately converge on Purkinje neurons of the cerebellar cortex as well as on neurons of the cerebellar nuclei (Mauk et al., 1986; Steinmetz et al., 1989; Hesslow et al., 1999) . With repeated exposure to the paired stimuli, the activity of Purkinje cells during the conditioned stimulus changes (Hesslow, 1994; Ohyama and Mauk, 2001; Medina et al., 2000 Medina et al., , 2002a D. Jirenhed et al., 2005, Soc. Neurosci., abstract) . These acquisition-related changes may occur in part through modification of parallel fiber-to-Purkinje cell synaptic strength (Linden, 1994; Aiba et al., 1994; Shibuki et al., 1996; Kim and Thompson, 1997; Koekkoek et al., 2003; Coesmans et al., 2004) . Plasticity is not limited to Purkinje cells, however; when the cerebellar cortex is disrupted after acquisition of conditioned responses, conditioned stimuli still evoke ill-timed yet stimulus-specific conditioned responses (Garcia and Mauk, 1998; Garcia et al., 1999; Lavond, 2002; Ohyama et al., 2003; Bao et al., 2002) . These ''short-latency responses'' suggest that the storage of memories also involves synaptic changes within the cerebellar nuclei.
The cellular evidence for plasticity in the cerebellar nuclei has been sparse, however. After eyelid conditioning, the number of anatomically defined excitatory synapses onto nuclear cells increases, suggesting a strengthening of mossy fiber contacts (Kleim et al., 2002) . Nevertheless, theta-burst synaptic stimulation of mossy fibers in cerebellar slices modifies only nuclear cell intrinsic excitability with no consistent changes in synaptic strength (Aizenman and Linden, 2000) . Hypotheses about the nature of cellular plasticity in the cerebellar nuclei, however, have been generated with a large-scale model of cerebellar function, which incorporates the known intrinsic and synaptic properties of cerebellar neurons (Medina and Mauk, 1999; Medina et al., 2001 Medina et al., , 2002b . The model predicts that plasticity at mossy fiber-to-nuclear cell synapses is unlikely to result from correlated pre-and postsynaptic activity. Instead, inhibition from Purkinje cells may control potentiation of mossy fiber synapses (Medina and Mauk, 1999) , much as it is proposed to regulate excitatory synaptic strength in the vestibular nuclei during plasticity of the vestibuloocular reflex (Miles and Lisberger, 1981) . Consistent with this idea, disruption of the cerebellar cortex prevents acquisition of new conditioned responses, although previously acquired short-latency responses may persist (Garcia et al., 1999; Bao et al., 2002) . Moreover, changes in cortical activity precede the expression of robust conditioned responses, again suggesting that plasticity in the nuclei is driven by the training-modified firing patterns of Purkinje cells (Ohyama and Mauk, 2001) .
To test this prediction at the cellular level, we have investigated whether plasticity of excitatory postsynaptic currents (EPSCs) in cerebellar nuclear neurons can be elicited by stimuli that resemble the activity that occurs during associative learning. The results indicate that EPSCs are potentiated only when high-frequency synaptic activation is coupled with sufficient postsynaptic hyperpolarization to evoke a postinhibitory rebound current, even in the absence of postsynaptic spiking. These data support the idea that inhibition from Purkinje neurons guides the modification of synaptic strength between mossy fibers and nuclear cells and indicate that that the rules for plasticity in the cerebellar nuclei are distinct from those at many well-studied synapses.
Results
To investigate whether synaptic plasticity of EPSCs could be reliably induced in cerebellar nuclear cells by *Correspondence: i-raman@northwestern.edu relatively realistic patterns of stimuli, we first designed an induction protocol that approximated the activity predicted to occur during delay eyelid conditioning (Medina et al., 2000) . As shown schematically in Figure 1A , mossy fibers excite neurons of the cerebellar nuclei directly and Purkinje cells indirectly via granule cells, whereas fibers from the inferior olive directly excite both cerebellar nuclear cells and Purkinje cells. During training for delay eyelid conditioning, a tone (conditioned stimulus) of a few hundred milliseconds in duration precedes and overlaps with the air puff (unconditioned stimulus), corresponding with activity of mossy fibers throughout the tone and with activity of inferior olivary fibers during the air puff (Mauk et al., 1986; Steinmetz et al., 1989; Hesslow et al., 1999) . Mossy fibers fire rapidly, with reported rates ranging from 75 to 200 spikes per second (Van Kan et al., 1993; Chadderton et al., 2004) , whereas inferior olivary cells rarely fire multiple action potentials (e.g., Gilbert and Thach, 1977) . The first neuronal change that occurs during training appears to be an increase in Purkinje cell firing rate early in the tone and a decrease late in the tone (Hesslow, 1994; Medina and Mauk, 1999; D. Jirenhed et al., 2005, Soc. Neurosci., abstract). Therefore, at the level of the nuclear cells, which receive GABAergic input from Purkinje cells, this initial modification of activity is predicted to produce concurrent excitation (via mossy fibers) and inhibition (via Purkinje cells) early in the tone, followed by excitation and primarily disinhibition toward the end of the tone ( Figure 1A ). Repeated trials of this pattern of activity drive plasticity of nuclear synapses (Medina and Mauk, 1999) .
To test this prediction, we assessed the ability of a tone-puff-like protocol to modify EPSCs in cerebellar nuclear neurons. Whole-cell recordings were made from cerebellar nuclear neurons voltage-clamped to 265 mV, and EPSCs were recorded before and after application of the induction protocol. This protocol, applied with the nuclear cell in current-clamp, consisted of a 133 Hz stimulation of excitatory afferents, which probably correspond primarily to mossy fibers, coincident with hyperpolarizing current injection (300-500 pA) to simulate Purkinje-mediated inhibition. Because the primary current opposing depolarization of nuclear cells is GABA Amediated Cl current (Raman et al., 2000; Telgkamp and Raman, 2002) , the hyperpolarizing current injection probably provides an acceptable approximation of the electrical effect of Purkinje-mediated inhibition. After 250 ms, the hyperpolarizing current was released to mimic disinhibition, while synaptic stimulation continued for another 300 ms ( Figure 1B, top) . Cerebellar nuclear neurons were silenced during the hyperpolarization and responded to the relief of hyperpolarization with a postinhibitory rebound burst of action potentials (Aizenman and Linden, 1999; McKay et al., 2005) , firing an average of 36 6 6 spikes while the mossy fiber stimulation continued ( Figure 1B , bottom, n = 13). After 30 replications of the induction protocol, which we called the ''MF-rebound'' protocol, EPSC amplitudes often transiently decreased relative to control. Over the next few minutes, EPSCs increased, generally reaching a stable value after 5-7 min, and the potentiation persisted for the duration of the recording (R20 min, Figure 1C ). Across cells, EPSC amplitudes, measured as the mean of all EPSCs after the 5-7 min recovery period, increased by 43% 6 13% (n = 13, p = 0.008, Figure 1D ). EPSCs were potentiated robustly (by R15%) in 10 of 13 cells, indicating that the induction protocol was reliable. Despite the change in EPSC amplitude, the kinetics of EPSCs did not change significantly ( Figure 1C, inset) . Both before and after the MF-rebound stimulation, the decay phase of EPSCs was best fit by the sum of two exponentials, with fast and slow time constants (t fast and t slow ) and percent fast components (% fast ) of 1.9 6 0.23 ms versus 2.0 6 0.23 ms (n = 13, p = 0.84), 12.4 6 2.2 ms versus 13.1 6 2.2 ms (p = 0.80), and 85.5% 6 2.4% versus 87.5% 6 1.2% (p = 0.39), respectively. Thus, excitatory synapses in the cerebellar nuclei could be potentiated, with no concomitant change in kinetics, by a quasi-physiological stimulus protocol.
Because the induction of many forms of synaptic plasticity requires increases in intracellular Ca 2+ , often via flux through NMDA receptors (e.g., Malenka, 1991; Nicoll and Malenka, 1999; Linden, 1999) , we next tested whether potentiation of nuclear cell EPSCs was also Ca 2+ -dependent. Consistent with a requirement for elevation of internal Ca 2+ for induction of potentiation, a pipette solution that included 10 mM BAPTA prevented the MF-rebound stimulation from inducing potentiation of EPSC amplitudes ( Figure 2A ). In fact, on average, EPSCs depressed, decreasing by 22% 6 10% (Figure 2C , n = 5, p = 0.04). When the MF-rebound stimulation was applied in the presence of the NMDA receptor antagonist CPP (10 mM, with normal intracellular calcium buffering), EPSCs failed to potentiate, remaining at 93% 6 8% of control values (n = 11, p = 0.71; Figures  2B and 2C ). These results suggest that NMDA receptor activation provides a necessary source of the Ca 2+ required for potentiation.
The calcium dependence and NMDA receptor dependence of potentiation, which is similar to that at other excitatory synapses, raises the question of whether the nonstandard stimulus protocol is actually necessary for induction of plasticity. Specifically, since NMDA receptor activation is generally increased by postsynaptic depolarization (Mayer et al., 1984; Nowak et al., 1984) , it seemed possible that the hyperpolarizing current injection might be superfluous. We therefore repeated the experiments with an ''MF-only'' induction protocol composed of the 550 ms mossy fiber stimulation with no hyperpolarizing step; a similar pattern of stimulation has been shown to increase intrinsic excitability in these neurons (Aizenman and Linden, 2000) . With this protocol, cerebellar nuclear neurons fired strongly during each tetanizing stimulus (68 6 13 spikes, Figure 3A , top). Consistent with previous reports (Aizenman and Linden, 2000) , however, EPSCs remained at 110% 6 6% of control values (n = 7, p = 0.27; Figure 3A , bottom, and Figure 3C ). Thus, potentiation of these synapses does not appear to follow a simple Hebbian rule, in which any high-frequency mossy fiber stimulation that reliably elicits spiking would be expected to potentiate EPSCs. Instead, the hyperpolarization and/or the subsequent depolarization in the MF-rebound protocol apparently contribute(s) a necessary component to the induction of plasticity.
Previous studies have demonstrated that the rebound depolarization typical of nuclear cells is produced by a low-threshold ''rebound current,'' carried in part by Ca 2+ , which can be activated by a return to voltages above w260 mV after hyperpolarizations on the order of 100 ms (Lliná s and Mü hlethaler, 1988; Aizenman and Linden, 1999; Czubayko et al., 2001) . Moreover, the Ca 2+ influx associated with the rebound can serve as a plasticity-inducing signal for inhibitory postsynaptic currents as well as for intrinsic excitability (Aizenman et al., 1998; Aizenman and Linden, 2000; Zhang et al., 2005) . To test whether the rebound current and associated action potentials were sufficient to change excitatory synaptic strength without concomitant synaptic excitation, we eliminated the mossy fiber stimulation from the induction protocol, applying only the hyperpolarizing current step plus a 300 ms depolarizing current injection during the rebound to control for the removal of synaptic excitation (Figure 3B, top) . This ''reboundonly'' stimulation produced a small but significant increase of 11% 6 5% in EPSC amplitudes (n = 7, p = 0.03; Figure 3B , bottom, and Figure 3C ), suggesting that Ca 2+ through voltage-gated channels can influence mossy fiber synaptic strength.
These data suggest that high-frequency mossy fiber stimulation as well as postsynaptic hyperpolarization and/or rebound depolarization are necessary for robust potentiation of nuclear cell EPSCs. To test how these factors interact to induce potentiation, we designed induction protocols in which a hyperpolarizing current injection preceded, interrupted, or coincided with mossy fiber stimulation ( Figures 4A, 4B , and 4C; left panels). When the 250 ms hyperpolarization preceded a 300 ms mossy fiber stimulation such that synaptic excitation overlapped with the rebound depolarization, EPSCs consistently failed to potentiate. Instead they remained at 92% 6 4% of control ( Figure 4A , middle and right, n = 5, p = 0.11), much like the results obtained by stimulating the mossy fibers with no associated hyperpolarization. Moreover, this protocol produced even less potentiation than application of the hyperpolarization with no synaptic excitation ( Figure 3B ), suggesting that this pattern of stimulation actually counteracted the tendency of the rebound-only protocol to induce potentiation. These results provide evidence against the idea that Ca 2+ influx during the rebound burst sums with the synaptic Ca 2+ influx to bring the Ca 2+ concentration past a threshold level that triggers plasticity. Instead, they suggest that the specific spatial or temporal profile of Ca 2+ influx obtained with the MF-rebound protocol is particularly appropriate for inducing potentiation.
To explore this possibility, we tested the induction protocol in which mossy fiber stimulation was interrupted by a 150 ms hyperpolarization without synaptic excitation such that stimulation lasted for 250 ms preceding and 250 ms following the step. This pattern of stimulation was highly effective, with EPSCs increasing by 62% 6 23%, and seven of eight cells potentiating by R15% ( Figure 4B , middle and right, n = 8, p = 0.049). Comparing these data with the results from the MF-rebound protocol, which also potentiated EPSCs, as well as with the protocols that failed to potentiate EPSCs, suggests that it may be necessary for synaptic excitation to precede the postinhibitory rebound, even by as much as 150 ms, and raises the possibility that the hyperpolarization itself is primarily a trigger for the rebound.
If so, and if postsynaptic depolarization coupled with synaptic excitation contributes little to plasticity, it seemed possible that an induction protocol in which the 250 ms mossy fiber stimulation was restricted to the 250 ms hyperpolarization might also be capable of potentiating EPSCs. Indeed, with this protocol, EPSCs increased by 30% 6 14%, with R15% potentiation occurring in 5/11 cells ( Figure 4C , middle and right, n = 11, p = 0.09). Although the extent of potentiation was more variable than with synaptic stimulation continuing through the rebound, this induction protocol was considerably more effective at potentiating EPSCs than the only other protocol with a relatively short duration of excitation, i.e., restricting mossy fiber stimulation to the rebound ( Figure 4A ). These results support the idea that EPSPs preceding the rebound depolarization may be a basic requirement for potentiation.
The most striking aspect of this protocol, however, is that it demonstrates that potentiation can occur even when synaptic excitation does not coincide with postsynaptic spiking. This result, along with the calcium dependence of potentiation, raises the possibility that synaptic currents at negative potentials contribute to the Ca 2+ influx that triggers plasticity. Although in many central neurons NMDA receptors are strongly blocked by Mg 2+ at negative potentials (Mayer et al., 1984 , Nowak et al., 1984 , cerebellar nuclear cells express the NR2D subunit, which is less sensitive to Mg 2+ block (Monyer et al., 1994; Akazawa et al., 1994; Momiyama et al., 1996; Kuner and Schoepfer, 1996; Cull-Candy et al., 1998) . We therefore examined the characteristics of synaptic currents at hyperpolarized potentials by evoking EPSCs either with single stimuli or with trains. In 1 mM Mg 2+ , the NMDA receptor-mediated component accounted for about 20% of the peak EPSC amplitude evoked at 265 mV ( Figure 5A ), and remained fairly constant in the voltage range of 2100 to 260 mV, although Audinat et al., 1990; Anchisi et al., 2001) . When trains of 20 EPSCs were evoked at 100 Hz, the total AMPA and NMDA receptor EPSC amplitude, measured as peak current relative to the baseline preceding the train, depressed slightly (EPSC 20 /EPSC 1 = 0.92 6 0.08, range 0.5 to 1.5; n = 25; Figures 5C and 5D) , and EPSCs decayed incompletely in the interstimulus interval. Blockade of AMPA receptors with 5 mM DNQX indicated that NMDA receptors were primarily responsible for the underlying current and that NMDA receptor-mediated EPSCs summated during the train. Conversely, blockade of NMDA receptors with 10 mM CPP indicated that nearly half of the total synaptic current was carried by NMDA receptors by the end of the train (48% 6 10%, n = 4, Figures 5C and 5D ). This result suggests that a substantial synaptic Ca 2+ influx may occur during the hyperpolarization itself, especially during high-frequency stimulation. Although the amount of Mg 2+ block is sufficient to make the Ca 2+ influx lower at hyperpolarized than at moderately depolarized potentials (see Discussion), the substantial activation of NMDA receptors at negative potentials raises the possibility that postsynaptic spiking may not be as central to the induction of plasticity in nuclear cells as it is at many other excitatory synapses.
Consistent with this idea, the extent of potentiation did not correlate with the number of spikes generated by either the MF-rebound protocol shown in Figure 1 or the hyperpolarization-interrupted MF stimulation shown in Figure 4B ( Figure 6A ; R 2 = 0.001, n = 21). These results point to the following minimal requirements for potentiation: (1) high-frequency synaptic excitation, including activation of NMDA receptors, and (2) a subsequent postinhibitory rebound, irrespective of postsynaptic firing of action potentials. We reasoned that, if this scenario accurately summarizes the basis for plasticity, it should be possible to potentiate EPSCs with a voltage-clamp protocol that incorporates these features but prevents postsynaptic spiking altogether. To test this idea, we designed a voltage-clamp induction protocol in which nuclear cells were held at 265 mV before being stepped to 280 mV for 150 ms and then back to 255 mV for 750 ms. Mossy fiber stimulation began 200 ms before the hyperpolarization and continued for 150 ms following the step to 255 mV ( Figure 6B , top panel). With this protocol, EPSCs increased by 30% 6 13% ( Figure 6B , bottom panel, and Figure 6C , p = 0.07, n = 7), with five of seven cells potentiating by R15%. The reliability of this protocol, despite the lack of strong postsynaptic depolarization, suggests that neither relief of Mg 2+ block of NMDA receptors nor the activation of high-voltage-activated calcium channels is necessary to induce potentiation.
Instead, given the importance of the rebound depolarization suggested by the current-clamp induction protocols, these experiments point to a role for low-voltageactivated calcium channels in inducing potentiation. To test this idea, we first recorded the rebound current directly in voltage-clamped cells.
Step depolarizations to 255 mV from hyperpolarized voltages elicited rebound currents, with peak amplitudes between 100 pA and 2 nA. The total current is likely to include low-threshold calcium currents, hyperpolarization-activated cation current (I h ), and Na current. In 25 cells tested with protocols that reliably potentiated EPSCs, rebound currents that were >1 nA decayed quickly, with a t fast , t slow , and % fast of 15.5 6 2 ms, 184 6 15 ms, and 84% 6 2% (n = 5). In contrast, rebound currents that were <1 nA decayed more slowly, with a t fast , t slow , and % fast of 46 6 4 ms, 212 6 16 ms, and 38% 6 4% (n = 20; relative to faster rebound currents, p < 0.001, p = 0.4, p < 0.001, unpaired Student's t test, Figure 7A , left). Importantly, in either case, the large transient of rebound current could be abolished when the membrane potential was slowly ramped, rather than stepped, to 255 mV ( Figure 7A,  right) . Therefore, to test the necessity of the rapid transient in inducing potentiation, we modified the voltageclamp induction protocol so that an 800 ms ramp replaced the step from 280 to 255 mV, while keeping the mossy fiber stimulation unchanged ( Figure 7B ). With this protocol, EPSCs depressed to 89.6% 6 7.2% of control values ( Figure 7C , n = 6, p = 0.24); in only one of six cells did EPSCs increase (by exactly 15%). These results rule out a direct role of hyperpolarization and instead support the idea that the rapid activation of rebound current, likely including low-voltage-activated calcium channels, is necessary to induce robust potentiation of mossy fiber EPSCs in nuclear cells.
Discussion
These experiments demonstrate that quasi-physiological stimulus protocols can consistently potentiate EPSCs at mossy fiber synapses onto cerebellar nuclear cells. Dissection of a range of induction protocols revealed that the minimal requirements for potentiation appear to be high-frequency synaptic activation followed by a postinhibitory rebound, with or without postsynaptic spiking. Based on the ability of BAPTA, CPP, and the rebound-blocking ramp to prevent potentiation by otherwise reliable protocols, it seems likely that plasticity is triggered by synaptic calcium influx through NMDA receptors followed by nonsynaptic calcium influx through low-voltage-activated calcium channels. Rebound depolarizations and the associated bursts of action potentials, which have been frequently studied as distinctive characteristics of nuclear cells (Lliná s and Mü hlethaler, 1988; Aizenman and Linden, 1999; Czubayko et al., 2001; Molineux et al., 2006) , play various roles in the plasticity of both intrinsic excitability and inhibitory postsynaptic currents (IPSCs) (Aizenman et al., 1998; Aizenman and Linden, 2000) . Our observation that potentiation of EPSCs can proceed under voltageclamp additionally suggests that the calcium influx associated with subthreshold depolarization can act as a plasticity signal by itself, independent of the firing of postsynaptic action potentials.
The additional requirement for NMDA receptor activation even in the absence of postsynaptic spiking is initially counterintuitive, but may actually offer a key to understanding the rules for plasticity in the corticonuclear circuit. Specifically, in many preparations, correlated presynaptic release and postsynaptic firing provide the ideal stimuli to induce plasticity of excitatory inputs, and the importance of Mg 2+ -sensitive NMDA receptors as detectors of coincident presynaptic glutamate release and postsynaptic firing has been demonstrated repeatedly (e.g., Markram et al., 1997; Magee and Johnston, 1997; Poo, 1998, 2001) . In contrast, NMDA receptors that are only weakly sensitive to Mg 2+ , like those in the cerebellar nuclei, would be expected to have a reduced ability for coincidence detection, as they respond to glutamate even at negative potentials. Unlike the generally silent neurons coupled by synaptic excitation found in the cortex, hippocampus, and many other brain regions, however, cerebellar nuclear cells are unusual in that they rarely remain at rest at negative potentials; instead, they fire action potentials spontaneously, even without synaptic excitation (Thach, 1968; Jahnsen, 1986) , largely because of a tonic cation conductance that constantly drives the membrane potential above threshold (Raman et al., 2000) . As a consequence of this spontaneous activity, any basal mossy fiber input is likely to overlap occasionally with postsynaptic action potentials in cerebellar nuclear cells, making a learning rule dependent mainly on presynaptic release correlating with postsynaptic firing subject to substantial noise. Thus, the type of coincidence detection produced by strongly Mg 2+ -sensitive NMDA receptors would not be expected to yield an informative signal. Instead, an event suitable to initiate plasticity is likely to include a stimulus-dependent reduction of spontaneous firing as a result of Purkinje-mediated inhibition. Given the wiring of the cerebellum, this situation may be most likely to arise when mossy fiber activity is strong enough, either in terms of firing frequency per fiber and/ or number of active fibers, to provide specific nuclear cells with a direct increase in excitation as well as an indirect increase in inhibition via Purkinje afferents. In other words, instead of the directly correlated pre-and postsynaptic activity that triggers plasticity at many other synapses, the appropriate signal in cerebellar nuclear cells might be generated only when high-frequency excitation from mossy fibers correlates with a decrease in nuclear cell firing followed by a rebound depolarization, as would result when synaptic inhibition by Purkinje cells increases transiently above basal levels. NMDA receptors that are only weakly blocked by Mg 2+ such that they carry substantial current at negative potentials, especially during high-frequency trains of activity, appear well-adapted to convert the coincidence of high-frequency synaptic excitation and inhibition into an intracellular Ca 2+ signal. The subsequent rebound, which appears necessary for potentiation, is most likely to come about from the disinhibition associated with a brief cessation of Purkinje cell firing. Such disinhibition could result either from learning-associated changes in synaptic drive onto Purkinje cells (Medina and or possibly directly from the complex spike-induced pause, both of which depend on climbing fiber activity.
Despite the weak Mg 2+ block, the Ca 2+ signal through NMDA receptors is nevertheless expected to vary with potential (Jahr and Stevens, 1993; Burnashev et al., 1995) . Scaling the calcium current amplitudes predicted by the Goldman-Hodgkin-Katz current equation by the percent Mg 2+ block indicated from the current-voltage relation in Figure 5 estimates that the maximal Ca 2+ influx occurs near 235 mV, dropping to w70% of maximum at 255 mV. For more negative potentials, i.e., between 295 and 265 mV, the Ca 2+ influx levels off at w50% maximum. For potentials more positive to 235 mV, the estimated Ca 2+ influx also decreases, falling to 60% at 215 mV and 22% at +15 mV. Thus, a firing cerebellar nuclear cell, i.e., one passing through voltages centered on 235 mV, is still expected to admit a larger NMDA-mediated Ca 2+ influx than a hyperpolarized, nonspiking cell, making it seem unlikely that the extent of potentiation depends simply on the total synaptic Ca 2+ influx. In fact, in the cerebellar nuclei, the sign of plasticity of Purkinje-mediated IPSCs varies with the amount of Ca 2+ influx such that IPSCs depress when the postsynaptic Ca 2+ rise is small and potentiate when it is large (Aizenman et al., 1998) . Similarly, at parallel fiberto-Purkinje cell synapses, long-term depression is driven by large Ca 2+ influxes, while long-term potentiation is induced by small ones (Coesmans et al., 2004 ; see also Hansel et al., 1997) . Our data suggest that the temporal pattern of Ca 2+ influx is a relevant variable; the most effective signal for potentiation may be an initial ''priming'' Ca 2+ influx primarily through synaptic receptors followed by a distinct ''triggering'' Ca 2+ influx recruiting voltage-gated calcium channels during the rebound.
In addition to the temporal profile of Ca 2+ signals, another relevant parameter seems to be the site of the Ca 2+ signals. Mossy fiber synapses tend to be located on the proximal and distal dendrites of nuclear cells (ChanPalay, 1977 ). The rebound current, which resembles low-voltage-activated (T-type) calcium current (Aizenman and Linden, 1999; Czubayko et al., 2001; Molineux et al., 2006) , may also be dendritic; imaging studies indicate that the relative density of low-voltage-activated calcium channels is higher on the dendrites than on the somata of nuclear cells, suggesting that the rebound Ca 2+ signal might be largest in the dendrites, though not exclusively synaptic. High-voltage-activated calcium currents, however, are heavily expressed in the somata as well as the dendrites such that action potential firing promotes Ca 2+ influx in both compartments (Muri and Knö pfel, 1994; Gauck et al., 2001) . Our data are consistent with the idea that nonsynaptic increases in Ca 2+ are required for stable synaptic changes, as induction protocols lacking a rebound component failed to potentiate EPSCs. By analogy with other synapses, it is also possible that a sequence of local synaptic Ca 2+ influx followed by a more widespread nonsynaptic Ca 2+ influx may yield an especially large Ca 2+ signal at the site of synaptic stimulation. In Purkinje cells, for example, interactions between different sources of Ca 2+ have been shown to promote short-term plasticity mediated by endocannabinoids (Brenowitz and Regehr, 2005) as well as longterm plasticity mediated by Ca 2+ release from intracellular stores (Wang et al., 2000) . Specifically, parallel fiber stimulation just preceding climbing fiber stimulation leads to a larger increase in synaptically localized Ca 2+ than is predicted from the sum of the two stimuli given separately. It is therefore possible that, in our experiments, the sequence of synaptic and rebound Ca 2+ may interact to push the total Ca 2+ over a threshold for potentiation of EPSCs that cannot be obtained by synaptic stimulation alone. Further precedent for a role for changes in cell-wide Ca 2+ concentrations regulating changes in neuronal signaling comes from neurons of the vestibular nuclei, another class of Purkinje cell targets. In these cells, modulating tonic Ca 2+ levels by decreasing firing rates produces long-lasting changes in intrinsic excitability, a form of plasticity that may underlie adaptation of the vestibulo-ocular reflex (Nelson et al., 2003 (Nelson et al., , 2005 .
Relation to Behavioral Studies
Our results support the Medina-Mauk model of cerebellar function, which predicts a learning rule at mossy fiber-to-nuclear cell synapses guided by inhibition from Purkinje cells (Medina and Mauk, 1999) . Although clear differences exist between slice physiology and behavioral studies, the demonstration of a robust synaptic plasticity of mossy fiber EPSCs in cerebellar nuclear cells begins to address the long-standing question of how changes in Purkinje cell activity might drive the storage of information in the cerebellar nuclei in a synapse-specific manner (Medina et al., 2000 (Medina et al., , 2002a . While previous experiments have revealed that activation of mossy fiber synapses can trigger increases in intrinsic excitability (Aizenman and Linden, 2000; Zhang et al., 2005) , such changes alone cannot account for the absence of stimulus generalizability observed in delay eyelid conditioning protocols (Ohyama et al., 2003) . Moreover, behavioral studies indicate that modulation of mossy fiber synaptic strength must be regulated by Purkinje cell activity (Garcia et al., 1999; Ohyama and Mauk, 2001 ). In the intact cerebellum, the conditioned stimulus during training for delay eyelid conditioning would be expected to stimulate mossy fiber afferents to activate nuclear cells directly for sustained periods and Purkinje cells indirectly, via granule cells, for periods that get progressively shorter as training proceeds (Medina et al., 2000) . Despite the ongoing synaptic excitation, high-frequency activity of Purkinje cells is likely to inhibit nuclear cells, and the subsequent relief of inhibition late in the conditioned stimulus would be expected to activate the rebound. In this way, the rebound would occur with a delay relative to synaptic excitation, triggering potentiation of EPSCs.
Given that eyelid closure is driven by increases in nuclear cell activity, after potentiation has occurred, the increase in mossy fiber synaptic strength may drive vigorous nuclear cell firing as soon as inhibition is reduced. These potentiated synapses could thereby permit stimulus-specific conditioned responses in the intact cerebellum and short-latency responses in the absence of Purkinje-mediated inhibition, a scenario that is consistent with the Medina-Mauk model of cerebellar function (Medina and Mauk, 1999) .
Experimental Procedures
Preparation of Cerebellar Slices Cerebellar slices containing the cerebellar nuclei were prepared from 13 to 16 day old C57BL6 mice (Charles River, Wilmington, MA) as described in Telgkamp and Raman (2002) . In accordance with institutional guidelines, mice were deeply anesthetized with halothane and perfused with cold (4ºC) artificial cerebrospinal fluid (ACSF) (mM: 123.75 NaCl, 3.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 10 Glucose [pH 7.4]). Animals were decapitated, and the brain was removed. Parasagittal slices of the cerebellum were cut on a Vibratome (model VT 100s; Leica, Deerfield, IL) and incubated in warmed (34ºC) oxygenated Tyrode's solution for 1 hr before recording.
Electrophysiological Recordings
Cerebellar nuclear neurons were visualized with infrared differential interference contrast microscopy. Slices were superfused with warm (34ºC) oxygenated Tyrode's solution containing 10 mM SR95531 to block inhibition. 6,7-dinitroquinoxaline-2,3-dione (DNQX; 5 mM) and (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; 10 mM) were also included in the bathing solution as indicated.
Recordings were made from cells with soma sizes of roughly 15-20 mm in diameter. Patch pipettes were pulled from borosilicate glass on a Sutter P97 puller (Sutter, Navato, CA), and had resistances of 2-4 MU. Pipettes were filled with intracellular solution consisting of (in mM) 130 K-gluconate, 2 Na-gluconate, 6 NaCl, 2 MgCl 2 , 14 Tris-creatine phosphate, 4 MgATP, 0.3 Tris-GTP, 1 EGTA, 10 HEPES, and 10 sucrose, buffered to pH 7.4 with KOH. 1,2-bis(2-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid (BAPTA; 10 mM) was included in the internal solution in place of EGTA as indicated in the text. For recordings of NMDA receptor-mediated current-voltage relations, Cs + was substituted for K + in the intracellular solution and N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bromide (QX-314; 600 mM) was added to block Na channels. Data were recorded using an Axopatch 200B amplifier (Axon Instruments, Union City, CA) filtered at 2 kHz. Records were sampled at 50 kHz using pClamp acquisition software (Axon Instruments, Union City, CA). EPSCs were elicited by stimulation of the white matter surrounding the cerebellar nuclei using a 45 ms voltage pulse delivered through a concentric bipolar electrode (FHC, Bowdoinham, ME). These EPSCs most likely result primarily from activation of mossy fibers, which provide 4-to 5-fold more excitatory synapses to nuclear neurons than do inferior olivary fibers (Chan-Palay, 1977) , which may have contributed to a lesser extent to the measured EPSCs.
EPSCs were recorded in voltage-clamp mode at a holding potential of 265 mV. To establish a baseline amplitude, EPSCs were recorded once every 15 s for 5-10 min at the beginning of each experiment. Cells in which EPSC amplitudes were not stable during this period were excluded from the data set. Following this baseline period, the amplifier was switched to current-clamp mode to allow cells to spike during the induction protocol except as noted in the voltage-clamp induction protocols. Spontaneous activity was quieted prior to the induction protocol by a hyperpolarizing current injection bringing the cells to approximately 265 mV. The standard induction protocol (MF-rebound stimulation) consisted of a 250 ms current injection that hyperpolarized the cells by approximately 20 mV. The white matter tracts surrounding the nuclei were simultaneously stimulated at 133 Hz, and this stimulation continued for 300 ms following the hyperpolarization. These parameters were modified in several experiments as indicated in the text. Following 30 repetitions of the induction protocol with intervals of 5 s, EPSC amplitudes were monitored by evoking a single EPSC once every 15 s for 15-30 min post-induction protocol. For each cell, the total change in EPSC amplitude was calculated as the mean of all the EPSCs recorded after the EPSC amplitudes had stabilized after application of the induction protocol. All recordings were made between 33ºC and 35ºC.
Data were analyzed with IGOR software (Wavemetrics, Lake Oswego, OR). Data are presented as mean 6 standard error. Statistical significance was assessed with Student's paired t tests, except as noted, and p values are reported. For plasticity protocols, comparisons were made between the mean EPSC amplitude before the induction protocol was applied and the mean EPSC amplitude after the responses stabilized following induction. Stimulus artifacts have been digitally removed from traces of voltage-clamp recordings. All reported voltages were corrected for the junction potential of 5 mV.
